INTRODUCTION
DNA microarrays are one of a few technologies that enable the monitoring of thousands of gene expression levels in parallel. In general, microarrays comprise a solid planar substrate on which an ordered array of probes has been deposited. Each probe represents a gene or transcript of interest and there are essentially three main types of probe: polymerase chain reaction (PCR) products of cDNA clones, 'long' oligonucleotides and 'short' oligonucleotides.
Synthetic oligonucleotides, long or short, offer a number of practical advantages over cDNA clones for constructing arrays, making oligonucleotides an attractive alternative. The ease of automated synthesis, in comparison to the preparation of libraries of cDNA molecules, is a major attraction. In addition, synthetic probes offer the possibility of precise control over the composition and size of each probe. There is also the possibility of using nonnatural nucleic acid analogues in the construction of oligonucleotide arrays, which may have advantages. Peptide nucleic acids (PNA), for example, have a neutral backbone that overcomes the usual, mutual repulsion of a duplex of natural phosphodiesters. 1 Hence PNA has a higher binding affinity for DNA and shows greater stringency in hybridisation than DNA. Finally, oligonucleotide probes can be designed based on published sequences in a wide variety of databases and, consequently, there has been a substantial interest in the development of bioinformatics tools that allow for the design of oligonucleotide probes from these databases.
DESIGNING OLIGONUCLEOTIDES FOR MICROARRAYS
The objectives of an oligonucleotide selection procedure are two-fold:
• to find an array of probes where each probe is completely specific for its target; and
• to find an array of oligonucleotide probes where all the probes hybridise under similar conditions.
SOFTWARE TOOLS AVAILABLE
The first objective of selecting an array of specific oligonucleotide probes can be achieved using two general approaches. The first, and most widely used, approach to the problem is to attempt to choose an oligonucleotide sequence complementary to each target that will specifically bind to its target without cross-hybridising to a related, but different, sequence by finding an oligonucleotide that is complementary to the target but has as little sequence similarity as possible to any other sequence. This approach is based on the assumption that sequences with a low degree of similarity will not crosshybridise. This approach to the oligonucleotide selection is generally tackled by using sequence alignment algorithms. These attempt to find an oligonucleotide sequence that is complementary to one target mRNA, but has low sequence similarity to all other possible sequences that might be present in an RNA sample.
OligoArray, a BLAST-based approach OligoArray 2,3 is an oligonucleotide selection program that uses BLAST (Basic Local Alignment Search Tool 4 ) to calculate the alignment of every possible oligonucleotide complementary to a target mRNA sequence with a database of the relevant genome. Each oligonucleotide that meets the required level of sequence specificity is then evaluated further using MFOLD 5, 6 to assess its self-complementarity and the degree of secondary structure that it can form. After assessing the specificity of each oligonucleotide using BLAST, the algorithm then selects the oligonucleotides with the least secondary structure and which fall within a userdefined melting temperature range. Other BLAST-based tools are also available, 7, 8 although a comparison of all these tools and the quality of the oligonucleotides that are selected has not been carried out.
ProbeSelect, a suffix tree approach
An alternative algorithm, ProbeSelect, which avoids the use of BLAST, has been described 9 and uses a suffix tree to search for sequence similarity. This algorithm starts by finding every unique oligonucleotide sequence of a predetermined length in a given genome. The algorithm then uses these unique sequences as the initial candidate oligonucleotide probes. In the second phase of the selection procedure, the program attempts to choose the most specific probe for each target mRNA by finding oligonucleotide probes for the mRNA sequence that maximise the number of mismatches that the probe shares with any other mRNA. However, finding the probe with the most mismatches is not trivial and two methods are provided for doing this. The first is a fast heuristic method, and the second is a slow but stringent dynamic programming string-searching tool. The fast heuristic method arose from the observation that a sequence that comprises subsequences with a low frequency of occurrence in a given genome database is more likely to have mismatches when compared with other sequences in the genome. The heuristic calculates the average frequency of occurrence of all of the subsequences of a given length in each candidate oligonucleotide and then selects the oligonucleotide with the lowest average frequency for each gene. The second approach is slower but more rigorous and uses a fast string-searching algorithm based on dynamic programming techniques. 10 The output of either approach is a list of unique candidate oligonucleotide probes with low likelihoods of crosshybridisation with other mRNAs. The candidates selected are then subjected to other selection criteria, such as nearestneighbour melting temperature and selfcomplementarity restrictions. The general approach is quite attractive, but unfortunately the second phase of the analysis (for finding probes with the highest specificity for each mRNA) is computationally extremely slow when using the more rigorous dynamic programming algorithm, and this is therefore applicable only to small genomes at present. The fast heuristic approach is potentially useful to improve the speed of the algorithm, but has yet to be empirically validated on large sets of probes.
PROBESEL, a suffix tree and thermodynamic approach
A less widely used approach to choosing an array of specific oligonucleotides is based on the rationale that a specific oligonucleotide probe should have a melting temperature that is maximised for hybridisation to its correct target while its melting temperature is minimised for hybridisation with all other incorrect targets. An attempt to use this approach has been made by designing a dynamic programming algorithm, PROBESEL, which involves a suffix tree and produces a sequence alignment that maximises the melting temperature of the alignment. 11 While this approach attempts to provide a more accurate model of hybridisation, it is currently computationally intensive, ie it takes a very long time to do the calculations for each probe. In addition, the parameters used for the calculation of the melting temperature of mismatched hybrids have not been empirically validated on any significant number of different sequences and sequence lengths, and so it is impossible to say whether the predictions of this sort of tool are valid. While this approach is promising, it requires further development. In the meantime, validated approaches based on conventional sequence alignment are arguably better deployed.
Other approaches
Other tools have been developed for specific applications such as the design of probes for the analysis of microbes, 12, 13 for specific discrimination of sets of known sequences 14 or for specific oligonucleotide chemistries. 15 A summary of tools and the URLs at which they can be obtained are presented in Table 1 .
DESIGN ISSUES
Although a variety of tools are available for oligonucleotide design, a number of issues remain the prerogative of the designer. Two issues that are particularly important are the length of the oligonucleotide and whether one should use one or more oligonucleotides per gene. Both of these issues have implications for the cost of the array and the number of genes that can be analysed for a given array size, and the user should give careful thought to the application of the array before embarking on the design of a set of oligonucleotides.
Long oligonucleotides
Long, synthetic oligonucleotides have been reported to be as sensitive and almost as specific as cDNA clones. 19 In this study, it was shown that the oligonucleotide probes, which had been immobilised by UV crosslinking, were consistent with UV immobilised cDNA probes for 92 per cent of the genes assessed. In the 8 per cent of cases where results were inconsistent with the oligonucleotide results, the cDNAs were found to be more accurate by reverse transcriptase PCR (RT-PCR), although this study was limited to a set of only 85 genes.
In addition, long oligonucleotides have been shown to be more sensitive than shorter oligonucleotides. 20 There is some disagreement over the optimal length, though, with proposals ranging from 40 to 70 bases.
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Short oligonucleotides
Affymetrix, for example, also uses short oligonucleotides for microarrays. The Affymetrix manufacturing method is restricted to the production of arrays comprising probes with a length of about 20 to 25 nucleotides. 23 In addition, Affymetrix adopted a very specific A number of studies have compared Affymetrix GeneChips with cDNA arrays 24, 25 or with long oligonucleotide arrays. 26 The results of the comparisons of GeneChips with cDNA arrays indicate that overall both technologies are able to detect expected relative fold changes, although there is disagreement about which approach is more accurate. Similarly, a comparison of GeneChips with long oligonucleotides (70-mers) showed a high degree of correlation, particularly when low-intensity signals were ignored. 26 An interesting point raised by this study is the issue of lowintensity signals. Two different long oligonucleotide sets were evaluated, as well as GeneChips, and it was found that the low-intensity probes did not correlate with specific genes, which suggests that the intrinsic probe sensitivity affects the signal as much as the concentration of the labelled cDNA.
'The middle way'?
In a recent study, 22 different oligonucleotide probe lengths ranging from 25 to 60 bases were compared. In this study it was found that a 60-mer was on average seven-fold more sensitive than a 25-mer, but only two-fold more sensitive than a 35-mer. In contrast, the specificity of a 25-mer was four-fold greater than a 60-mer. The overall conclusion was that 30-mers to 35-mers represented a good compromise between sensitivity and specificity. In particular, it was found that the perfect match/ mismatch oligonucleotide design strategy used by Affymetrix, which uses 10 to 16 probe pairs, is still applicable with 35-mers but not with 60-mers. This means that employing 35-mers affords much higher sensitivity than a 25-mer and, at the same time, the ability to assess nonspecific binding can be combined with high probe specificity. However, the use of mismatch probes should be approached cautiously, as discussed in the next section.
One or more oligonucleotides per gene?
Long oligonucleotide and cDNA arrays have typically employed only one probe per gene (although these may be replicated) in contrast to the high-density GeneChips from Affymetrix, which employs up to 16 probe pairs, comprising both perfect match and single base MM probes. The use of more than one probe can provide independent confirmation of fold change measurements for a particular gene, thus increasing confidence in the results. In addition, the use of MM probes is supposed to allow for measurement of non-specific binding. 27 However, the use of more than one probe per gene has implications both for the number of genes that can be analysed on a given array, and for the way the results are interpreted. Analysis of the results must, therefore, be a consideration before designing an array.
The key issue for multi-probe arrays is how to condense a series of independent oligonucleotide probe spot intensities into a single expression measure for each gene. The GeneChips technology from Affymetrix comes with software for the analysis of the probe sets on the GeneChips; however, some users have developed novel tools for the analysis of GeneChips, which are usually available to academics for free, and which, in theory, can also be applied to multi-probe arrays that have been developed independently. A series of different tools for GeneChips analysis have been published recently, [28] [29] [30] [31] a number of which are based on fitting of a model to the array data. 28, 30, 31 These models typically assume that intensity differences between probes are determined by specificity and sensitivity factors for each probe and the analysis software attempts to calculate the most likely values for these factors based on the data. It has been proposed 28 that these specificity/sensitivity factors can be used to eliminate probes that have low specificity or sensitivity, thus leading to improved oligonucleotide arrays. The tools that have been made available for the analysis of Affymetrix GeneChip data are not all dependent on the presence of MM probes: [29] [30] [31] there is some debate about the value of the MM probes since it has been shown that up to 30 per cent of MM probes have signals that are greater than the PM probes. 29, 32 This means that tools are available for the analysis of generic multi-probe oligonucleotide arrays and such arrays do not need to include MM probes.
Other design issues
Most cDNA synthesis methods produce sequences from the 39 end. As a result, probes should be targeted against the 39 end of an mRNA sequence. Typically, this means targeting the 39 UTR of the mRNA. It has been proposed that it may be better to target 39 coding regions as these may be more biologically more informative.
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PROBE HANDLING AND ANNOTATION TOOLS
There are various commercial array platforms available for gene expression profiling as well as various forms of academically produced arrays, all of which have different probe designs, layouts and read-outs. The development of new platforms is also likely to continue as new technologies emerge, with the consequence that the biological annotation and handling of probe information, and the comparisons of results from different platforms and expression profiling technologies, will become ever more of a challenge. Main public repositories for microarray data in a consistent format is ArrayExpress 33, 34 and GEO, 35 which have the main aim of standardising data from a diverse range of platforms and array types to facilitate further analysis of expression data. The enormous challenge for this repository is in defining which gene each probe represents and in enabling the comparison of data from the different platforms.
Microarray annotation tools are important in providing gene and functional information for each probe, and this information is not only used for further high-level data analysis, but also for any cross-comparisons of gene expression results between different array platforms and for cross-referencing among different species. As presented in Table 2 , there a number of microarray annotation tools currently accessible via the Web. 
CONCLUSION
A number of tools for the selection of oligonucleotide probes are available and some of the issues relating to their use have been discussed. In particular, the user should consider carefully the length of oligonucleotides to be used and whether or not multiple probes should be designed for each gene. Multiple probes can be independent Perfect Match probes or related single base MisMatch probes. There is a value in having multiple probes for a single gene as additional probes can give independent confirmation of observed fold-changes. In addition, careful evaluation of multiple probes can lead to the selection of better probes based on empirical data, which in turn will lead to the evolution of better arrays. There are various probe annotation tools available on the Web and some enable cross-referencing among different platforms and organisms. 
